Abstract: A cascaded-ring-resonator-loaded Mach-Zehnder modulator (CRR-MZM) is presented in which a number of cascaded ring resonators (RRs) are loaded in the interferometer as phase modulators. The ability of the design to provide enhanced modulation efficiency at a wide optical bandwidth is demonstrated in comparison with a conventional single-RRtype modulator without an interferometer. The optimization of RRs for the CRR-MZM is investigated experimentally by measuring the transmission spectra in both intensity and group delay of RRs having various structural parameters. Using the optimized parameters, we fabricated a CRR-MZM with 10 cascaded RRs loaded on each arm of the interferometer on a silicon-on-insulate substrate. The RRs had pin-diodes along the waveguides, which were operated with forward bias voltage. Its modulation efficiency was enhanced by a factor of 4.4 at the expense of additional loss of less than 3.5 dB compared with a standard non-resonant MZM. 10 Gb/soperations of CRR-MZM were successfully demonstrated using preemphasized RF signals with amplitude of 1.5 V pp in a wavelength range of 2 nm. 
Introduction
Optical modulators play a key role in optical communication systems by converting highspeed electrical signals, typically 10 Gb/s or even higher, to optical signals. There have been continuous demands on modulators for reduced power consumption and optical insertion loss (IL), and a smaller footprint, to increase transmission capacity of systems at a constant total power consumption and size. In particular, silicon-based modulators with low power consumption and small footprints have become highly desirable since silicon photonics was recognized as an enabling technology for large-scale, high-density optical-interconnects [1, 2] . Consequently, silicon modulators have exhibited extraordinary improvements in performance in the past decade [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . In those studies, overcoming the performance limitations caused by the material properties of silicon has been a major challenge. Unfortunately, silicon lacks a strong electro-optical effect [22] , unlike traditional III-V systems.
Employing optical resonators is an effective way of improving the performance of the modulators beyond the material limits because the resonators can enhance the modulation efficiency at the resonant wavelengths [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . In particular, modulators based on a single micro ring resonator (RR) in an all-pass filter (APF) configuration have shown promise [7] [8] [9] [10] [11] [12] [13] . They have achieved the lowest driving voltage and highest modulation speed among silicon modulators using resonators. These modulators have sharp dips in the intensity transmission spectrum at the resonant wavelengths. A tiny change in the refractive index according to the electrical input signals causes sufficient intensity variation by shifting the resonant wavelengths; we call this type of modulator a single-ring-resonator-based spectral shifting modulator (SRR-SSM). It is widely recognized that an inherent trade-off exists between the modulation efficiency and the optical bandwidth in which the modulator can operate without any tuning of the resonant wavelengths. An optical bandwidth as small as 0.1 nm was commonly reported for these modulators [7] [8] [9] [10] [11] [12] [13] . This narrow operating window made those modulators difficult to use in practical systems without precise dynamic tuning of the resonant wavelengths of the RRs [12, 13] . This need for a tuning system could restrict the application of those modulators. The lack of a degree of freedom in design is responsible for this constraint. For a given refractive index change, it is essential to increase the Q value of the resonators, to obtain large modulation efficiency. This inevitably causes a narrow optical bandwidth.
To overcome this limitation, we have proposed and investigated cascaded-ring-resonatorloaded Mach-Zehnder modulators (CRR-MZMs) [14] . Unlike other modulators [15, 16, 23] , ours use more than one cascaded RR in an APF configuration [24] incorporated in a MachZehnder interferometer (MZI). For a given change in the refractive index, it is possible to obtain a large intensity modulation not only by increasing the Q value of the RRs but also by increasing the number of cascaded RRs. By using these two design parameters, the CRR-MZM could perform differently from SRR-SSMs and therefore widen the application range of resonator-based modulators. Nevertheless, few works have been reported that demonstrated the basic operation of CRR-MZMs using RRs that were not necessarily optimized for them [14] . Consequently, the potential performance of CRR-MZMs has not yet been revealed in terms of the modulation efficiency and optical bandwidth.
In this paper, we first describe the design concept of the CRR-MZM using analytic calculations in comparison with SRR-SSM. On the basis of the results, we experimentally investigate the detailed optimization of the structure of the RRs for the CRR-MZMs. We fabricated a CRR-MZM on a silicon-on-insulator substrate using RRs with the optimized parameters. The RRs had pin-diodes along the waveguides, which were operated with forward bias voltage. We measured the fundamental characteristics of the modulator, such as the enhancement factor of the modulation, the wavelength bandwidth, and the optical loss of the RRs. We then conducted high-speed large-signal modulation experiments using the CRR-MZM. We used pre-emphasized signals with amplitude of 1.5 V pp to operate the pin-diodes of the RRs with forward bias voltage. We obtained 10-Gb/s operations in a wavelength range of 2 nm, which is about 20 times wider than those reported for SRR-SSMs, while maintaining an enhancement of 4.4 times in the modulation efficiency due to the optical resonance.
Device concept
In this section, the design concept of the CRR-MZM is shown by analytical calculations of the modulation efficiency. The difference in design capability between CRR-MZMs and conventional SRR-SSMs is emphasized. Figure 1 is a schematic view of an SRR-SSM [7] [8] [9] [10] [11] [12] [13] and a CRR-MZM [14] ; the structural parameters of RRs are also defined. The SRR-SSM has a simple structure consisting of a single RR, whereas the CRR-MZM has a number of cascaded RRs incorporated into an MZI. The RRs in both types of modulators have electrodes on both sides of the waveguide along the ring to apply a voltage to the waveguide. Each RR has two principal parameters that define its structure: the radius (R), which determines its free spectral range (FSR), and the coupling strength (y) between the ring and the bus waveguide. Here, y is defined so that y 2 is the fraction of the power transmitted in the bus waveguide from one side to the other in the coupling region for a unit incident. Accordingly, a power of 1− y 2 is transferred from the bus to the ring waveguide, as shown in Fig. 1(b) . The CRR-MZM has one additional parameter, the number of rings (N) cascaded on each arm of the MZI. In our definition, N means the number of RRs connected to single bus waveguide. The CRR-MZM contains 2N RRs in total.
For the SRR-SSM, a continuous wave of light with an angular frequency ω and unit amplitude is input from one side of the bus waveguide of the RR, as shown in Fig. 1(a) . The output is obtained from the other side of the bus waveguide and has a complex amplitude of T as a function of ω. When a voltage V is applied to the ring waveguide, T changes in both intensity and phase through the change in the refractive index of the ring waveguide. The SRR-SSM uses only a change in the amplitude of T, whereas CRR-MZMs use the phase change of the transmitted light of N cascaded RRs (T N ) by converting it into an intensity change by the MZI. We derived an analytic formula for the modulation efficiency of the RR. Equation (1) is the transfer function of a single RR as a function of φ, where φ is the round-trip (RT) phase of the RR. α and β are the attenuation and propagation constants of the ring waveguide, respectively [25] [26] [27] . 
In the operation of modulators based on RRs, the voltage V causes a change in the refractive index of the ring waveguide, which in turn induces changes in φ and T through a change in the propagation constant β.
SRR-SSM
The SRR-SSM uses a steep slope of the intensity of the transfer function T. To obtain this transfer function, a condition of critical coupling is typically used, in which T becomes null at the resonant wavelength [26] . This condition is satisfied when x = y in (1). In this case, the output power of the single RR and its response to the phase change dφ is derived as follows. 
Figure 2(a) and 2(b) show the calculated results of the above formulas using the power coupling efficiency 1 − y 2 in the coupling region as a parameter. In the calculations, φ varies from -π to + π, corresponding to a full range of the FSR. As the narrow black curve in Fig. 2(a) shows, P(φ) dips steeply for relatively small 1 − y 2 ( = 10%) at the resonant wavelength, or φ = 0. Because of this slope, a tiny change in the refractive index can cause a large change in P(φ), as the two peaks of opposite sign indicate in Fig. 2(b) . However, a large dP/dφ is available at limited ranges of φ, as shown in the graph, corresponding to a narrow wavelength bandwidth in the operation of the SRR-SSM. If 1 − y 2 is relatively large ( = 40%) and the resonance is weak, it is possible to widen the range of φ, as the narrow red curve in Fig. 2(a) shows. However, the peak value of dP/dφ becomes smaller, as shown in Fig. 2(b) . This trade-off between modulation efficiency and optical bandwidth can be a drawback in real applications. It is clear in Eqs (2) and (3) that no other design parameter can be changed to avoid this trade-off. One might think to change R and thus φ, but this yields roughly the same results as 1 − y 2 . The transfer function of N cascaded RRs in this configuration without an interferometer is obtained as the Nth power of that of a single RR, or T N . As the bold red curve in Fig. 2(a) shows, although the bottom of the P(φ) curve becomes wide, the slope of the curve is rather moderate between the on-and off-resonance conditions. Therefore, a wider but smaller dP/dφ is obtained compared with the single RR case, as shown in Fig. 2(b) . It is possible to design a steep slope at the edge of the resonance band using coupled RRs. However, the bandwidth of dP/dφ would remain narrow in any case. In this type of modulator without an interferometer, modulation occurs at the edge of the resonance band when the spectrum shifts. Therefore, it is less important to make the resonance band wide and deep by using a number of cascaded or coupled RRs. Regardless of the number and configuration of the RRs, the shift in the spectrum (∆λ) is given as ∆λ = (λ/n) ⋅∆n, where λ, n, and ∆n are the wavelength of light in vacuum, refractive index of the waveguide, and induced change in n, respectively.
CRR-MZM
Next, we examined the CRR-MZM, in which the phase change of the transfer function of the RRs is used instead of the amplitude change. Propagation loss in the ring waveguide is not necessary and is ideally zero. Therefore, we substitute x = 1 in Eq. (1). Although some propagation loss always accompanies RRs owing to the radiation along the bent waveguide and scattering from the sidewall roughness of the waveguide, the impact of these factors was experimentally investigated and is described later in this paper. With x = 1, the phase of the transmitted light of a single RR (Φ) and its response to a small change in the RT phase (φ) are derived as follows. 
In Eq. (5), η exactly represents the enhancement in the phase modulation of the RR due to the effect of the resonance and therefore is the principal parameter used to describe an RR-based phase modulator [28] . If there is no resonance and y = 0, η = 1. Figure 2 (c) and 2(d) show the values of Φ and η calculated by the above formula for the same parameter sets as in Fig. 2 (a) and 2(b) except for x. As the narrow black curve shows, Φ changes rapidly around φ = 0 because of the resonance with relatively weak coupling (1 − y 2 = 10%). Accordingly, a large η is observed at the resonance. In this case, the range of φ with this large η is very narrow, as Fig. 2(d) shows. By comparing the narrow red curves (1 − y 2 = 40%) with the narrow black curves in Fig. 2(d) , we can observe the trade-off between the peak value of the enhancement factor η and the bandwidth, similar to the case of Fig. 2 (a) and 2(b). Unlike those cases, however, when a number of RRs are cascaded in an APF configuration, like those on each arm of the MZI in Fig. 1(c) , it is possible to obtain a wider bandwidth while maintaining the large η. The bold red curve in Fig. 2 (d) confirms this design with the parameters 1 − y 2 = 40% and N = 5. The curve has roughly the same peak value of η as the narrow black curve and the same bandwidth as the narrow red curve. As mentioned above, the transfer function of N cascaded RRs is calculated as the Nth power of that of a single RR, or T N , and accordingly the phase of T N is given by multiplying Φ for N = 1 by N. Thus, it is straightforward to increase η by cascading a number of RRs while maintaining the bandwidth of the RRs. Using a change in phase rather than amplitude enables the use of the inside of the resonance band of RRs and the accumulation of phase changes by cascading the RRs. The MZI is needed to convert the phase change into an intensity change.
The FWHM for η is given in wavelength by approximating the resonance as a simple Lorentzian using temporal coupled mode theory [27] ,
where n g is the group index of the ring waveguide. In addition, the peak of η is given as
at the resonant wavelength with φ = 0 in Eq. (6) . Equations (7) and (8) yield the design fundamentals for the CRR-MZM. First, the minimum bending radius R should be used unless the radiation loss becomes significant. When a small R is used, the bandwidth ∆λ FWHM becomes large, whereas η MAX remains constant. Next, y should be determined to obtain sufficient ∆λ FWHM for the specific application. With the resulting y, the phase change of a single RR (∆φ) for a given index change ∆n is given as ( )
Finally, the number of cascaded RRs (N) is determined to obtain an adequate overall phase change (N⋅∆Φ) for the required modulation depth. Note that as long as y is less than 1, the presence of the RRs ensures some enhancement with η MAX > 1, regardless of the other parameters. 
Optimization of ring resonators
We experimentally investigated the transmission properties of single or cascaded RRs with different structural parameters in order to optimize them for CRR-MZMs. Passive waveguides having no dopants or electrodes were used without an interferometer. Figure 3 (a) and 3(b) show the cross section and pattern of the waveguide used in the experiments, respectively. As Fig. 3(a) shows, all of the waveguides were made of silicon on a buried oxide layer that had the cross section of a conventional rib waveguide [4, [6] [7] [8] [9] [10] [11] [12] [13] [14] . We formed the RRs in a racetrack shape, although they were modeled as a simple circle in the previous section, as shown in Fig. 3(b) . Both configurations are referred to as "RR" in this paper. We used the racetrack shape because it is suitable for obtaining relatively large coupling between the bus and the ring (or racetrack) waveguide without significant loss. We assign the parameter L c to the length of the coupling region made of straight waveguides. The parameter R indicates the bending radius of the racetrack. The gap between waveguides in the coupling section was about 150 nm throughout the rest of this paper. We fabricated a single RR and 10 cascaded passive RRs with various values of R and L c . All of the RRs connected to the same bus waveguide had the same R and L c throughout the rest of this paper. We measured the intensity and group delay (GD) spectra of the RR transmission. We used the modulation phase shift method to measure the GD spectrum. Transverse electric polarization was used in the measurements. Figure 4 shows the measured intensity and GD spectra of a single RR with L c = 5.0 µm and R = 2.5, 4.0, and 7.2 µm. The spectra show a series of dips and peaks with the same FSR as shown in Fig. 4 . We extracted FSRs from the measured spectra in Fig. 4 and calculated the group index of the waveguide, as n g = λ 2 /(FSR⋅2πR). All the calculated n g were equal to 4.1 for RRs with R = 2.5, 4.0, and 7.2 µm. This value of n g gave close agreement with its expected value for the rib-waveguide with the cross section of Fig. 3(a) .
The nearest peaks to 1550 nm in the GD spectra were fitted by a Lorentzian function to derive the FWHM and peak value from the noisy spectrum, as shown in Fig. 5 . The resulting values are indicated in the figures, where the peak GDs were converted to n g_eff by dividing them by the perimeter of the RR and then multiplying by the vacuum velocity of light. These n g_eff values represent the factor by which light is slowed in the RRs and correspond to η in the previous section. As seen in Fig. 5 , the RRs having a smaller R had a larger n g_eff and FWHM, both of which are desirable for a CRR-MZM. The reason for this dependence of the RRs is explained as follows. When R decreased, the loss of the propagating light per round-trip increased due to the large radiation loss with the small bending radius of the waveguide. Since all the RRs presented in our paper are used in over-coupling regime, the RR approached to the critical coupling with increase of the round-trip loss [26, 29] . When RR moves to the critical coupling from the over-coupling regime, the intensity and group delay of the transmitted light are expected to decrease and increase, respectively [29] . This is the reason why RRs having a smaller R had a larger n g_eff in our experiments. As for FWHM, although the slight increase of n g_eff for smaller R made the spectrum narrower, the decrease of R broadens the resonance due to the large FSR. The FWHM is determined by the balance of these two dependencies. As a result, measured FWHM increased for RRs with smaller R.
The optical loss is another important characteristic of the RRs. In principle, a large GD is accompanied by a large loss because light propagates effectively on the long waveguide. Therefore, the loss per unit GD of the RRs should be compared to evaluate their excess loss. In Fig. 6 , we plotted the GDs as a function of the loss for each wavelength in a single peak and dip, which were those nearest to 1550 nm in the spectra in Fig. 4 . The slopes of the plots represent the excess loss of the RRs. The RRs with a smaller R clearly had a larger excess loss for a constant GD. In a CRR-MZM, the loss is multiplied by the number of cascaded RRs. Consequently, R should be larger than 4.0 µm, at least, in order to obtain a reasonably small optical loss. We chose the RR with R = 7.2 µm for our experiments. Next, we investigated the dependence of the RR transmission properties on L c . Figure 7 shows the measured transmission spectra in intensity and GD of RRs with R = 7.2 µm and L c = 2.5, 5.0, and 7.5 µm. The RRs having smaller L c values had a larger GD at the resonant wavelength but a narrower wavelength bandwidth. Figure 8 shows the single peaks and dips of intensity and group delay, respectively, nearest to 1550 nm. We fitted those curves by analytical formula derived from Eq. (1), as shown by black solid curves in Fig. 8 [29] . The measured curves were reasonably fitted using the parameters of x and 1-y 2 indicated in Fig. 8 .
In our experiment, L c = 2.5, 5.0, and 7.5 µm correspond to the coupling efficiencies of 1-y 2 = 18, 39, 61%.
We derived n g_eff and the FWHM for a single peak in the GD spectra in Fig. 7 , in the same way as in Fig. 5 . The results are summarized in Fig. 9 (a) and 9(b), respectively, for R = 2.5, 4.0, and 7.2 µm. The trade-off between n g_eff and the FWHM is noticeable, as mentioned in section 2. For R = 7.2 µm, an n g_eff value of greater than 81 was achieved at L c = 2.5 µm, at the expense of a narrow bandwidth of about 0.36 nm. In contrast, a FWHM of about 1.4 nm was obtained at L c = 7.5 µm, although n g_eff was limited to about 17 in this case. Unlike the dependence on R, we found that L c did not significantly affect the extra loss of the RRs. Figure 10 shows the GD-intensity plot for RRs with R = 7.2 µm and L c = 2.5, 5.0, and 7.5 µm based on the spectra in Fig. 7 . The slopes remain constant regardless of L c . The reason for this dependence is explained as follows. η in Eq. (5) decreased with increase of L c via the change of 1-y 2 . η represents the equivalent number of the round trips that light makes at each RR. Therefore, the total propagation loss and GD that light experiences at each RR are proportional to η ⋅α⋅(2πR) and η ⋅(n g /c 0 )⋅ (2πR), respectively, in over-coupling regime. Thus, the change of η did not give a large impact on the ratio between the total loss and GD. Note that α kept almost constant, as calculated from the x in Fig. 8 and the round-trip length of the RRs.
Finally, the transmission spectra of 10 cascaded RRs with R = 7.2 µm and L c = 2.5, 5.0, 7.5 µm are shown in Fig. 11 . The red curve exhibits a few subpeaks associated with each of the large peaks. For RRs with L c = 2.5 µm, the resonance of each RR was so sharp that the FWHM was smaller than the fluctuations of the resonant wavelengths of the RRs owing to non-uniform fabrication. In this case, the peak value of the GD and its bandwidth are uncontrollable; therefore, this design using RRs with too strong resonance should be avoided in a CRR-MZM. The other two devices exhibited a series of single large peaks and dips in the intensity and GD spectra, respectively. They had a similar FWHM to those of a single RR with the same parameters, whereas the peak GD values were several times larger than those in a single RR. This confirms the design concept of the CRR-MZM mentioned in section 2. RRs with weak resonance are used to obtain a relatively large resonant bandwidth. The small GDs for each RR were accumulated to obtain a large total GD. In this paper, we chose L c = 7.5 µm and fabricated a CRR-MZM with R = 7.2 µm and N = 10 to demonstrate efficient yet widewavelength-band operation. 
Fabricated device structure
In this section, we describe the structure of the CRR-MZM, which was fabricated and measured in the experiments presented in the rest of this paper. Figure 12 (a) is a microscope photograph of the fabricated CRR-MZM. An MZI was formed by using two 2 × 2 multi-mode interference (MMI) couplers on a silicon-on-insulator substrate. Ten cascaded RRs were loaded on each arm of the interferometer. The structure of the RRs is shown schematically in detail in Fig. 12(b) and 12(c) . All of the waveguides were made of silicon on a buried oxide layer. The geometry of the cross section of the waveguide was the same as that in Fig. 3(a) . As Fig. 12(c) shows, the slabs on both sides of the core of the waveguide were highly p-and n-doped to about 10 19 /cm 3 , and the side of the core and the part of the slabs adjacent to the core were lightly p-and n-doped to about 6-7⋅10 17 /cm 3 . Those lightly doped regions shared a border at the center of the core after the implantations. However, the dopants were thermally activated by annealing at 1000 °C, for 15 min. for p --type (B + ) and for 20 min. for n --type (P + ), respectively, and they were suspected to diffuse from the original region to the opposite side of the core beyond the center line. This diffusion made the net-doping level in the center of the core small. Therefore, we assumed that the CRR-MZM behaved much like pin diodes rather than pn diodes. Aluminum electrodes were formed inside and outside of each RR along the ring on the highly doped parts of the slabs. In the operation of this CRR-MZM, free carriers such as electrons and holes are injected to and extracted from the core of the ring waveguide by applying a voltage between the electrodes on either side of the core. These free carriers change the refractive index of the waveguide via the free-carrier plasma (FCP) effect, and thus modulate the light propagating through the RRs.
We fabricated and investigated a CRR-MZM with the parameters of R = 7.2 µm and L c = 7.5 µm as a consequence of the optimization of RRs described in the previous section. With these parameters, the total length of the active waveguide was 527 µm per arm. This length was calculated as N⋅(2πR + L c ) = 10⋅(2π⋅7.2 + 7.5) = 527 µm. Note that the bus waveguides and the outside of the RRs in the coupling region were not doped as shown in Fig. 12(b) . Those parts did not contribute modulation of light and were excluded in the calculation of the active length. 
Characteristics of CRR-MZM
In this section, the measured characteristics of the fabricated CRR-MZM with L c = 7.5 µm, R = 7.2 µm, and N = 10, are presented.
Transmission properties
First, we measured the transmission spectrum of the CRR-MZM. For comparison, the results of a reference waveguide and standard MZM are also shown. The reference waveguide was a single straight rib waveguide without an interferometer, RRs, dopants, or an electrode, and it had the same cross-sectional geometry as in Fig. 12(c) . The standard MZM had a straight nonresonant phase shifter on each arm of the MZI with a length of 500 µm and a cross section identical to that in Fig. 12(c) . All three devices were fabricated on the same silicon-oninsulator wafer and underwent the same wafer process. Since they were on the same test chip, in the measurements, light traveled the same physical lengths from one of the facets of the chip to the other one, for all the three devices. In the MZM measurements, we consistently used one specific optical port to input the lightwave on one side of the two facets while using either of the two ports on the opposite facet alternately to output the lightwave. We defined the bar and cross ports on the output facet as shown in Fig. 12(a) .
In Fig. 13 , the red and blue curves for the two MZMs were formed by summing the two spectra obtained from the bar and cross ports to eliminate the effect of the built-in phase difference between the two arms of the MZI and observe the intrinsic loss of the devices. The transmission of the two MZMs decreased with wavelength, whereas that of the reference waveguide (black curve) increased slightly. This difference is attributed to the wavelength dependence of the MMI couplers. As intended, the fabricated CRR-MZM showed periodic dips. No splits due to the distribution of resonant wavelengths were observed inside each dip.
For the two MZMs, the decrement from the black curve indicates the on-chip IL of the modulators at each wavelength. The CRR-MZM had an on-chip IL of less than 0.5 dB as the maximum transmission obtained at the off-resonant wavelengths of the RRs around 1550 nm, as shown in Fig. 13(a) . This small loss is reasonable because, in this case, light propagates effectively shorter doped waveguide in RRs, shorter than its physical length. In fact, φ = ± π yield enhancement factor η smaller than 1 for y > 0 in Eq. (5). However, this means we can expect only small modulation of light at those wavelengths. As is obvious from the discussion in section 2, the maximum modulation of light is expected at the bottom of the dips in the spectrum of the CRR-MZM. At the bottom of the dip nearest to 1550 nm, the CRR-MZM had the additional 4.0-dB loss from the aforementioned 0.5-dB IL. This 4.5 dB loss in total includes the loss due to the MMI couplers, dopants, and RRs, and was not much larger than those of FCP-based silicon modulators [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] .
We next, compared the CRR-MZM with the standard MZM, both of which had about the same active lengths. The transmission of the CRR-MZM was larger than that of the standard MZM at off-resonant wavelengths. This is because light propagates 500-mm long doped phase shifter for the standard MZM regardless of the wavelength, whereas it propagates effectively shorter doped waveguide in RRs at those wavelengths for the CRR-MZM as mentioned above. On the other hand, at the bottom of the dip nearest to 1550 nm, the transmission of the CRR-MZM was 3.5 dB smaller than that of the standard MZM, as indicated by the arrow in Fig. 13(a) . At this wavelength, light propagates RRs effectively many times, causing this 3.5-dB additional loss for the CRR-MZM. At the same time, the CRR-MZM showed the enhancement of modulation efficiency at this wavelength, as described in the next part of this paper. This loss was rather small if we consider it as the cost for the enhancement of the modulation. 
Modulation enhancement
Next, we evaluated the enhancement of the modulation efficiency of the CRR-MZM compared with the standard MZM. We used the FCP effect to modulate the refractive index of the silicon waveguide by injecting electrons and holes into the core. When carriers are injected, heat is generated, which has the opposite effect on the index change, reducing the overall modulation at frequencies typically smaller than 1 MHz and at DC. On the other hand, the dynamics of the injected carriers limit the modulation efficiency of the FCP effect above 1 GHz. A frequency range of 10-100 MHz is suitable for eliminating the effect of heat and the carrier dynamics, and to evaluate only the effect of the RRs on the modulation efficiency. We conducted a 100-Mb/s large signal modulation experiment using the fabricated CRR-MZM and standard MZM to compare their modulation efficiencies. In the measurements, one of the two arms of the MZI was driven by 100-Mb/s random signals with a DC forward bias voltage of 0.9 V. We adjusted the bias current of the opposite arm to obtain the same extinction ratio (ER) between the output signals from the bar and cross ports. In this configuration, we changed the amplitude of the driving signals and found the values at which the ER became about 3 dB.
The results are summarized in Table 1 . Because modulation with a forward bias voltage is highly efficient, the voltage amplitude needed to obtain a 3 dB ER was as small as 121 mV pp on average for the standard MZM. For the CRR-MZM, the amplitude was further reduced to 26.2 mV pp owing to the enhancement caused by the RRs. We calculated the enhancement of the modulation efficiency taking the difference in the active length into account, as follows: This factor means we can obtain a reduction of 4.4 times in the driving voltage compared to that of a standard MZM by using a CRR-MZM with the same total active length, if only the cross sections of the phase modulators are the same. The power consumption of the modulator is proportional to CV 2 , where C is the total capacitance of the modulator, and V is the amplitude of the driving voltage. From this formula, a reduction in V by a factor of 4.4 reduces the power consumption by 19 times, which is significant in most applications.
This enhancement factor corresponds to n g_eff /n g , using the definitions of n g_eff and n g in earlier sections. The measured n g_eff was 17 for a passive RR with R = 7.2 µm and L c = 7.5 µm, as in the previous section, and n g for the rib waveguide was about 4. Using these values, n g_eff /n g was calculated to be 4.25, which agrees well with the factor of 4.4. .98 dB The DC bias voltage of the driving arm was kept at + 0.9 V, whereas that in the opposite arm (not driven) was adjusted to obtain the identical dynamic ER between the bar and cross ports.
10-Gb/s large-signal modulation experiments
Finally, we performed large-signal modulation experiments at 10 Gb/s using the fabricated CRR-MZM. Figure 14(a) illustrates the experimental setup. We kept the diodes in the RRs at a forward bias during the experiments to operate the modulator in the injection mode. The 3-dB bandwidth of the modulator was typically smaller than 1 GHz; in this situation, preemphasis signals are typically used to compensate for the slow dynamics of the injected carriers [4, 7, 9, 13, 14] . For this purpose we used in-line-type differentiators (Picosecond Pulse Lab, Model 5206, passive impulse forming network) that output the derivative of the input signals with a compensating slope of + 20 dB/decade as the frequency increases. Thus, standard non-return zero signals from a pulse-pattern-generator were converted to preemphasis signals of the form shown in Fig. 14(b) . The peak-to-peak amplitude of the voltage was 1.5 V pp monitored after the amplifier. Two such voltage waveforms at opposite polarities were applied to each of the two arms of the MZM to drive it in a push-pull configuration. The forward bias voltages were adjusted to around + 0.9 V to obtain the desired phase difference and added to the high-speed signals using bias-tees. Figure 14 (c) shows the optical output waveform measured from the bar port of the modulators. The wavelength of the input light was 1547.68 nm, which corresponded to the bottom of the dip in the transmission spectrum. We obtained clear openings, as shown in the eye diagram, with a dynamic ER of 3.0 dB. We confirmed the same ER in the output waveform from the cross port, which indicates that the phase difference of the interferometer remained at the quadrature point during operation. The voltage amplitude of 1.5 V pp , which is relatively small for a silicon-based modulator, was achieved because of the enhanced modulation efficiency of the RRs. As mentioned in section 5.1, our CRR-MZM had an onchip optical loss of 4.5 dB without DC bias or RF signals, compared with the reference waveguide at the resonant wavelength. During 10-Gb/s operation with DC bias and RF signals, the optical loss further increased by 4.8 dB for the average output power from the bar port. This additional loss included 3-dB loss due to the power distribution between bar and cross ports; we set the MZI at quadrature phase balance during the operation. Thus, 4.8-3.0 = 1.8 dB was the loss due to the injected carriers during the 10-Gb/s operation with forward bias voltage. The total on-chip loss of the CRR-MZM during 10-Gb/s operation was 4.5 + 4.8 = 9.3 dB for the average output power from one of the two ports, including all kinds of excess loss from the reference waveguide. As for power imbalance between the two arms, since both of the two arms were equally DC-biased around 0.9 V, the increase of the loss due to the injected carrier was largely balanced between the two arms and expected not to deteriorate ER.
We acquired optical eye diagrams at different wavelengths around 1547.68 nm. We changed the bias voltages slightly to maintain the phase balance at the quadrature point and obtain the same ER at both ports. Figure 15(a) and 15(b) show the ER of the measured eye diagrams and the optical IL, defined as the decrement of the average output power from that of the input continuous lightwave including optical coupling loss, respectively. The ER and IL decreased as the wavelength shifted from the maximum resonance because the light propagates for an effectively smaller length as the enhancement factor decreases. The ER and IL both had roughly inversed dependences of transmission spectrum in Fig. 13(b) against the lateral axis, as expected. If we define the bandwidth as the wavelength range in which the ER is more than half of the maximum, it is estimated to be about 2 nm.
It is preferable that both the ER and IL remain constant when the input wavelength changes. We investigated the possibility of this type of operation for the CRR-MZM by changing the phase balance of the interferometer during 10 Gb/s operation. For an MZI, it is possible to obtain a larger ER at the expense of a larger extra IL when the DC phase difference between the arms approaches π from the quadrature point. On the basis on this idea, we adjusted the bias voltages so that the ER of the eye diagram from the bar port remained 3 dB. The resulting ER and IL are shown in Fig. 16 (a) and 16(b), respectively. ERs of 2.9-3.1 dB were obtained at a wavelength range of 2 nm, while the variation in the IL remained within 1 dB. A constant IL was obtained because the increase in the extra IL was balanced by the reduction in the propagation loss of the RRs as the input wavelength deviated from the maximum resonance. In this type of operation, the maximum range of the phase difference to be adjusted by DC bias voltage is less than π/2. For our CRR-MZM, the voltage change less than 0.1 V would be sufficient for the phase adjustment of π/2, as estimated from the results in Table 1 , if the influence of heat generation is negligible. This change of the voltage adds the extra loss of 1 to 2 dB to the arm around 0.9 V. Such small imbalance in power would not cause serious degrade in ER in most applications. Although our CRR-MZM suffered from heat generation at DC operation, and needed more change in bias voltage to adjust the phase balance, ER as large as 3 dB was obtained as shown in Fig. 16 (a) even in this case. Figure 17 shows the optical waveforms at the three wavelengths indicated in Fig. 13(b) . We successfully obtained clear identical eye diagrams in a wavelength range of 2 nm, which is about 20 times larger than those expected for SRR-SSMs. Low-voltage operation of the CRR-MZM in a relatively wide wavelength range was achieved by its flexible design concept. If RRs having a stronger resonance are used, a smaller driving voltage is possible in a narrower wavelength band, as presented in an earlier paper [14] , using the same active length of the modulator. Alternatively, cascading more RRs is another way to reduce the driving voltage while maintaining the same wavelength bandwidth of the RRs. Note that the cross section of the waveguide has not been optimized for use as a phase modulator in our experiments. Further improvements of CRR-MZMs are expected if the cross section of the phase modulator is used with optimized doping profiles and geometry, as reported in other works. Fig. 13(b) .
Conclusion
We investigated a CRR-MZM for enhanced modulation efficiency at a wider optical bandwidth. We demonstrated the advantage of the CRR-MZM over a conventional SRR-SSM in design capability by analytical calculations; it is possible to increase the total modulation efficiency of the CRR-MZM for a given refractive index change by cascading a number of RRs while retaining a relatively broad resonance of the RRs. On the basis of our analysis, we experimentally optimized the structural parameters of the RRs for a CRR-MZM using a silicon rib waveguide having a conventional geometry. Although RRs with a small bending radius showed better GD performance, the impact on the propagation loss was significant. Changing the coupling efficiency exhibited an ordinary trade-off between the GD and its bandwidth with a constant slope between the GD and the loss. Another restriction for the design of the RRs in the CRR-MZM was identified: the bandwidth of each RR should be large enough to accommodate fluctuations in its resonant wavelength due to non-uniform fabrication in order to avoid peak splits.
Using 10 cascaded RRs with optimized parameters, we fabricated a CRR-MZM on a silicon-on-insulator substrate and characterized it by various methods. We compared it with a standard non-resonant MZM having the same active length as the CRR-MZM. The modulation efficiency of the CRR-MZM was enhanced by a factor of 4.4 at the expense of additional loss of less than 3.5 dB at the maximum resonance wavelength. 10-Gb/s operations were successfully demonstrated using the CRR-MZM with a voltage amplitude of 1.5 V pp in a wavelength range of 2 nm. The results verified the capability of CRR-MZMs to realize tailored performance in terms of modulation efficiency and optical bandwidth.
